P2X4 receptors are adenosine triphosphate (ATP)-gated cation channels present on the plasma membrane (PM) and also within intracellular compartments such as vesicles, vacuoles, lamellar bodies (LBs), and lysosomes. P2X4 receptors in microglia are up-regulated in epilepsy and in neuropathic pain; that is to say, their total and/or PM expression levels increase. However, the mechanisms underlying up-regulation of microglial P2X4 receptors remain unclear, in part because it has not been possible to image P2X4 receptor distribution within, or trafficking between, cellular compartments. Here, we report the generation of pH-sensitive fluorescently tagged P2X4 receptors that permit evaluations of cell surface and total receptor pools. Capitalizing on information gained from zebrafish P2X4.1 crystal structures, we designed a series of mouse P2X4 constructs in which a pH-sensitive green fluorescent protein, superecliptic pHluorin (pHluorin), was inserted into nonconserved regions located within flexible loops of the P2X4 receptor extracellular domain. One of these constructs, in which pHluorin was inserted after lysine 122 (P2X4-pHluorin123), functioned like wild-type P2X4 in terms of its peak ATP-evoked responses, macroscopic kinetics, calcium flux, current-voltage relationship, and sensitivity to ATP. P2X4-pHluorin123 also showed pH-dependent fluorescence changes, and was robustly expressed on the membrane and within intracellular compartments. P2X4-pHluorin123 identified cell surface and intracellular fractions of receptors in HEK-293 cells, hippocampal neurons, C8-B4 microglia, and alveolar type II (ATII) cells. Furthermore, it showed that the subcellular fractions of P2X4-pHluorin123 receptors were cell and compartment specific, for example, being larger in hippocampal neuron somata than in C8-B4 cell somata, and larger in C8-B4 microglial processes than in their somata. In ATII cells, P2X4-pHluorin123 showed that P2X4 receptors were secreted onto the PM when LBs undergo exocytosis. Finally, the use of P2X4-pHluorin123 showed that the modulator ivermectin did not increase the PM fraction of P2X4 receptors and acted allosterically to potentiate P2X4 receptor responses. Collectively, our data suggest that P2X4-pHluorin123 represents a useful optical probe to quantitatively explore P2X4 receptor distribution, trafficking, and up-regulation.
I N T R O D U C T I O N
Extracellular ATP functions as a neurotransmitter and gliotransmitter as well as a neuromodulator in the nervous system by activating plasma membrane (PM) P2X and P2Y receptors (Burnstock, 1972; Khakh and Burnstock, 2009; Coddou et al., 2011b; Khakh and North, 2012) . P2X receptors are trimeric ATP-gated cation channels (Nicke et al., 1998) comprising seven subunits (P2X1 to P2X7), six homomeric receptors, and several heteromeric assemblies (Coddou et al., 2011b; KaczmarekHájek et al., 2012) . Considerable progress has been made in exploring roles for P2X receptors in native systems. Important roles for P2X4 receptors in a variety of H. Chai and K. Ehinger contributed equally to this paper. Correspondence to Baljit S. Khakh: b k h a k h @ m e d n e t . u c l a . e d u Abbreviations used in this paper: ATII, alveolar type II; FWHM, full width at half maximum; GFP, green fluorescent protein; IVM, ivermectin; LB, lamellar body; LTR, LysotrackerRed; Pf%, fractional Ca 2+ current(s); PM, plasma membrane; ROI, region of interest; TIRF, total internal reflection fluorescence. pathophysiological processes have been demonstrated based on pharmacological and genetic experiments. Thus, it has been shown that P2X4 receptors are upregulated in microglia after neuropathic pain and epilepsy (Tsuda et al., 2003; Ulmann et al., 2013) . They are also implicated in inflammatory pain (Ulmann et al., 2010) , lung surfactant secretion (Miklavc et al., 2011) , alcohol preference (Ostrovskaya et al., 2011; Yardley et al., 2012) , cardiac function (Yang et al., 2004) , and neurodevelopmental disorders Wyatt et al., 2013) .
One of the earliest and most established responses mediated by P2X4 receptors relates to neuropathic pain and microglia. Roles for P2X4 receptor-mediated Imaging P2X4 receptor subcellular distribution, trafficking, and regulation using P2X4-pHluorin and lamellar bodies (LBs) is particularly impressive (Qureshi et al., 2007; Miklavc et al., 2011) . More recently, single-molecule imaging experiments showed that P2X4 receptors display activation-and cell-dependent PM surface mobility (Richler et al., 2011; Toulme and Khakh, 2012) . The physiological role of these dynamics remains to be explored, but they may accelerate recovery from desensitization in circumstances when ATP is released from a point source.
Building on the aforementioned advances, in this study we set out to engineer P2X4 receptors to carry superecliptic pHluorin (pHluorin) within the extracellular domain. PHluorin is a pH-sensitive green fluorescent protein (GFP) that is quenched at acidic pH and brightly fluorescent at neutral pH, with a pKa of 7.2 (Miesenböck et al., 1998; Sankaranarayanan et al., 2000) . Based on past work with other ion channels and receptors (Miesenböck, 2012) , we speculated that its introduction into the extracellular loop of P2X4 receptors would yield an optical reporter that could be used to quantify and track P2X4 receptor distribution within cellular compartments.
PHluorin is a 27-kD protein. Tagging it onto the N or C termini of channels is relatively simple, but attaching it within an extracellular loop without affecting function, as necessary in the case of P2X receptors, is much more challenging (Mealer et al., 2008) . There was no obvious way to predict an innocuous site to insert pHluorin within the P2X4 receptor extracellular domain. Random transposon-based methods seemed like the right strategy (Sheridan et al., 2002; Giraldez et al., 2005; Mealer et al., 2008) , but the recent availability of the ATP-bound and unbound zfP2X4.1 crystal structures Hattori and Gouaux, 2012) provided an opportunity to design P2X4 receptors carrying extracellularly located pHluorins.
In this technical study, we describe the design, characterization, testing, and initial deployment of pHluorin-tagged P2X4 receptors in several proof-of-concept experiments. The engineered receptors can now be used in a variety of settings to explore ATP signaling and P2X4 receptor physiology. Our experiences with P2X4 receptors also provide the rationale and basis to extend this approach to other P2X receptors (e.g., P2X1, P2X3, and P2X7) and acid-sensing ion channels that share topological features with P2X receptors (Gonzales et al., 2009; Baconguis et al., 2013) .
M A T E R I A L S A N D M E T H O D S

Sequence analysis
The protein sequences of zfP2X4.1 (RefSeq accession no. NP_705939.1), mouse P2X4 (RefSeq accession no. NP_035156.2), and human P2X4 (RefSeq accession no. NP_002551.2) were aligned using Vector NTI software (Life Technologies). The sequences were annotated based on conservation between the three species.
responses within microglia are supported by experiments demonstrating that microglia are involved in the development of neuropathic pain (Tsuda et al., 2003; Coull et al., 2005; Inoue, 2008; Ulmann et al., 2008; Jarvis, 2010) . Pharmacological and genetic strategies that reduce microglial P2X4 receptor function alleviate symptoms in neuropathic pain models (Tsuda et al., 2003) . Neuropathic pain is also reduced in mice that lack P2X4 receptors (Ulmann et al., 2008) . These data suggest that altered P2X4 receptor expression, trafficking, and/or function in activated microglia may be an important step in the development of neuropathic pain. As a result of these breakthroughs, P2X4 receptors are emerging as potentially important drug targets to treat pain states that are currently resistant to therapy ( Jarvis, 2010; North and Jarvis, 2013) . More broadly, it is probable that the mechanisms that cause P2X4 receptor upregulation in microglia during neuropathic pain are also engaged in brain disorders that are accompanied by microglia activation (Milligan and Watkins, 2009; Graeber, 2010) . If so, P2X4 receptors may be therapeutic targets for several brain diseases. To explore underlying mechanisms, there is a need to (a) develop approaches to systematically study P2X4 receptor trafficking within cells such as microglia, and (b) develop in vivo approaches to image P2X4 receptor-expressing cells in native systems. Here, we focused on the first of these tasks.
Given the known and anticipated roles for P2X4 receptors in pathophysiological processes, considerable effort has been devoted to studying P2X4 receptor pharmacology, biophysical properties, and structure-function relationships (Khakh and North, 2012) . In many ways, the pinnacle of these efforts has been the availability of high resolution crystal structures of the ATP-bound and unbound forms of a zebrafish (zf) P2X4 receptor orthologue (zfP2X4.1) Hattori and Gouaux, 2012) that provide a basis to understand how the protein works at a chemical level (Browne et al., 2010; Coddou et al., 2011b; Baconguis et al., 2013; Chataigneau et al., 2013; Jiang et al., 2013; Samways et al., 2014) . In addition, an extensive body of work shows that P2X4 receptors undergo dynamin-dependent endocytosis as well as PM insertion caused by lysosomal secretion (Bobanovic et al., 2002; Royle et al., 2002 Royle et al., , 2005 Bowler et al., 2003; Royle and Murrell-Lagnado, 2003; Qureshi et al., 2007; Murrell-Lagnado and Qureshi, 2008; Stokes and Surprenant, 2009; Toulme et al., 2010) . Although regulated trafficking is not unique to P2X4 among the P2X receptor family (Robinson and Murrell-Lagnado, 2013) , the ability of P2X4 receptors to move onto and off the membrane is a particularly robust feature that has now been well studied by electrophysiological and biochemical methods. As a result, there is strong evidence that P2X4 receptors localize to the PM and intracellular compartments such as endosomes, lysosomes, and vacuoles. Of these, expression within lysosomes mP2X4 receptors were available from our past work (Toulme et al., 2010; Toulme and Khakh, 2012) , and the pHluorin construct was obtained from Addgene (plasmid no. 24000). PM reporter pCS2-mcherry and ER reporter pDsRed2-ER were provided by H.A. Lester (California Institute of Technology, Pasadena, CA). Lysosome reporter Lamp1-RFP was obtained from Addgene (no. 1817).
HEK-293 cell culture and transfection HEK-293 cells (ATCC) were maintained in 75-cm 2 cell culture flasks in Dulbecco's modified Eagle's medium/F-12 media with Glutamax (Invitrogen) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were prepared for transfection by plating onto 6-well plates at the time of splitting, 2-3 d before transfection. They were transfected at 60% confluence. For transient expression in HEK-293 cells, we used 0.5 µg P2X4-pHluorin plasmid and the Effectene transfection reagent (QIAGEN). When P2X4-pHluorins were screened by electrophysiology, plasmids encoding control WT P2X4 or P2X4-pHluorins were cotransfected with 0.1 µg tdTomato reporter in pcDNA3.1. For the colocalization study of P2X4-pHluorin123 with organelle markers, HEK-293 cells were cotransfected with 400 ng P2X4-pHluorin123 and 25 ng PM-mcherry, 25 ng DsRed2-ER, or 50 ng Lamp1-RFP. The manufacturer's instructions (QIAGEN) were followed for the transfections. Cells were gently dispersed and plated on poly-d-lysine-coated glass coverslips before physiological evaluations (Egan and Khakh, 2004) .
C8-B4 cell culture and nucleofection C8-B4 cells are an immortalized microglial cell line (Toulme et al., 2010) . They were cultured in 25-cm 2 cell culture flasks in Dulbecco's modified Eagle's medium (ATCC) supplemented with 10% fetal bovine serum (ATCC). The cells were split one in three when confluence reached 60%. C8-B4 microglia cells were transfected using a nucleofection kit (Amaxa; Lonza) with 10 µg of plasmid DNA before plating onto poly-d-lysine-coated glass coverslips. The manufacturer's instructions were followed for the Amaxa basic nucleofection kit for mouse astrocytes (a nucleofection kit for microglia does not exist). We imaged the cells 1 d after transfection. We have previously published detailed methods and evaluations of P2X4 responses in C8-B4 cells before and after nucleofection (Toulme et al., 2010; Toulme and Khakh, 2012) .
Hippocampal neuron culture and transfection
Hippocampal cultures were prepared as described previously (Shigetomi and Khakh, 2009 ). In brief, two rat pups at postnatal day 1 or 2 (Charles River) were used for hippocampal cultures. Hippocampi were dissected in Petri dishes filled with ice-cold medium. The dissected hippocampi (in medium on ice) were cut and then digested with 20 U/ml papain for 11-13 min at 37°C (Papain-022; Worthington Biochemical Corporation). After the incubation, the pieces were washed with prewarmed media and triturated with flame-polished pipettes of progressively smaller bores; 20,000 cells were used for plating onto each 12-mm coverslip. The coverslips were previously coated with 50 µg/ml poly-dlysine (Sigma-Aldrich) and then coated overnight with 100 µl of 20 µg/ml laminin (Sigma-Aldrich) in sterile dissection medium. The cells were fed with 2 ml of prewarmed culture medium 1 h after plating. Neurons were transfected at 7-10 DIV. The neurons were in Neurobasal medium (Invitrogen) at this point. On this day, half of the media was removed (0.5 ml from each well of a 24-well plate housing one coverslip), and the neurons were fed with fresh Neurobasal medium (0.5 ml) that had been preequilibrated in the cell culture incubator (37°C; 5% CO 2 ) for at least 2 h. The removed media was supplemented with an equal volume of new media and stored in a vented flask in the cell culture incubator (this is "the fed and conditioned media"). We used lipofectamine2000
In Fig. 1 B, nonsimilar regions are shown in black, conserved regions are in blue, identical regions are in red, and weakly similar regions are in green. pHluorin was inserted in stretches of five or more nonconserved residues in the extracellular domain. 10 such regions have been annotated previously based on the closed zfP2X4.1 crystal structure ). We avoided variable regions that were close to the ATP-binding pocket, subunit interaction surfaces, or the ion permeation pathway Hattori and Gouaux, 2012) . These regions are not shown in Fig. 1 B.
Molecular biology
In this study, the numbering of amino acid residues is based on the mouse P2X4 protein sequence (NCBI Gene ID no. 18438, gene name P2rX4). Our goal was to generate a family of P2X4 constructs carrying pHluorin at distinct sites in the extracellular domain after amino acid residues Q78, F81, K122, S155, L206, A221, T223, L303, and N306 (see Results for how these sites were chosen). The mP2X4 receptor extracellular domain extends from the end of TM1 at position 55 to the start of TM2 at position 333 and encompasses 279 residues. The specific sites for insertion were chosen based on the ATP-bound and unbound structures of zfP2X4.1 Hattori and Gouaux, 2012) , which are considered the best available representations of the closed and open forms of the channel. We named the pHluorin insertion constructs after the number of the initiating methionine in pHluorin. Thus, P2X4-pHluorin123 indicates that the initiating methionine of pHluorin was at position 123 of the engineered P2X4 receptor sequence, i.e., after the endogenous lysine at 122 (Fig. 1 B) .
P2X4-pHluorin constructs were made in two steps. The first step consisted of generating a family of P2X4 constructs carrying ClaI and EcoRI sites flanked by glycine-alanine linkers at the specific insertion sites in the extracellular domain of P2X4 receptors. The DNA fragment that was inserted at these sites carried ClaI and EcoRI flanked by glycine-alanine linkers (GGAGCTGGAGC-TATCGATTATGAATTCGCTGGAGCTGGA). The fragment was introduced into mP2X4 by overlapping PCR. The same basic strategy was used for all the constructs that are reported in this study. Thus, the P2X4 5 and 3 fragments flanking the insertion site were amplified by the primers listed in Table 1 for each specific construct. Primers P2X4 extreme 5 and P2X4-pHluorin A-3 were used to generate the P2X4 fragment upstream of pHluorin, and primers P2X4-pHluorin B-5 and P2X4 extreme 3 were used to generate the P2X4 fragment downstream of pHluorin, respectively. Primers A-3 and B-5 carry the overhang coding the restriction sites and glycine-alanine linker. Then, using these two fragments as template, the 5 and 3 fragments were combined by another round of PCR, resulting in the insertion of restriction sites and glycine-alanine linker. This "overlapping" PCR reaction used extreme 5 and 3 flanking primers. All of the PCR amplifications were performed with high fidelity DNA polymerase (Phusion; New England Biolabs, Inc.). PCR reactions were performed in a reaction volume of 50 µl using 50 ng of template, 0.25 µM of the primer pairs, 200 µM dNTPs, and 1 U of DNA polymerase. The extension reaction was initiated by preheating the reaction mixture to 96°C for 3 min. The PCR cycle was: 32 cycles at 96°C for 30 s, 52°C for 30 s, and 68°C for 30 s (per 1 kb). The PCR products were digested with HindIII and NotI, which flanked the entire mP2X4 cDNA and were then subcloned into pCDNA3.1. The second step consisted of PCR amplification and cloning of the pHluorin fragment between the ClaI and EcoRI sites in mP2X4. For this step, the pHluorin was PCR amplified from a parent plasmid called pCI-SEP-GluR1. All final cDNAs were propagated in DH5 Escherichia coli, and the plasmids were purified using standard techniques. All constructs were verified by DNA sequencing.
(Lonza), and 7 µg DNA was added. Cells were transferred to the electroporation cuvette (Nucleocuvette) and electroporated with an Amaxa 4D-Nucleofector (all from Lonza). Immediately after electroporation, 1 ml of prewarmed MucilAir medium was added and 250 µl of the resulting cell suspension were transferred to individual wells in 8-well chamber slides (ibidi GmbH). Cells were used for experiments 24 h after electroporation.
Western blot analysis of P2X4-pHluorin proteins in HEK-293 cells Transfected HEK-293 cells were suspended in cell lysis buffer containing 50 mM Tris, 150 mM NaCl, 1 mM DTT, 1% Triton X-100, 1% IGEPAL, 0.1% SDS, and a protease inhibitor cocktail tablet (GE Healthcare). Cells were triturated with a 26-gauge syringe needle and incubated in the lysis buffer for 30 min at 4°C. This mixture was then centrifuged at 13,000 rpm for 30 min at 4°C, and the soluble proteins in the supernatant were transferred into a clean tube. Equal amounts of proteins were loaded on 10% SDS-PAGE gels and transferred to nitrocellulose membrane (GE Healthcare). After transfer, membranes were blocked by incubation with PBS containing 0.05% Tween and 5% dry milk for 2 h and incubated overnight with antibodies against GFP (1:2,000; A-11122; Invitrogen) in PBS containing 5% milk at 4°C. After washing three times for 10 min each in PBS/Tween, the membranes were incubated with anti-rabbit horseradish peroxidase secondary antibodies (1:200; Thermo Fisher Scientific) in PBS containing 5% milk for 1 h at room temperature. Membranes were washed three times for 10 min each in PBS/Tween, and the protein bands were imaged using ECL reagent (Thermo Fisher Scientific). Standard -actin controls (anti- actin; 1:1,000; Abcam) were included to use for normalization of the P2X band intensities.
(L2K) from Invitrogen for the transfection. For 1 well of a 24-well plate housing one 13-mm coverslip, we added 0.8 µg DNA to 50 µl MEM. In a separate tube, we added 2 µl L2K with 50 µl MEM (kept for 5 min at room temp). Then we added the 50 µl of the L2K-MEM mix to the DNA-MEM mix, flicked the tube, and incubated at room temperature for 20 min. This was added dropwise to the neurons, after which the plates were given a gentle swirl and returned to the incubator. After 6-8 h, all medium was removed from each well and replaced with 1 ml of the "fed and conditioned medium" from earlier. We imaged the cells 3 d after transfection.
Alveolar type II (ATII) cell isolation and electroporation ATII cells were isolated from Sprague-Dawley rats according to published procedures (Dobbs et al., 1986) with minor modifications as described recently (Miklavc et al., 2009) . In brief, rats were anesthetized with ketamin and xylazil (10 and 2%, respectively), and then injected with 400 IU/kg heparin. The lungs were perfused, removed, washed, and then incubated at 37°C with elastase and trypsin (twice for 15 min). Lungs were then immersed in a solution containing DNase and sliced into 1-mm 3 pieces with scissors. The DNase reaction was blocked by incubating with fetal calf serum for 2 min at 37°C. The digested tissue was then filtered through gauze and nylon meshes three times, and the final filtrate was centrifuged for 8 min at 130 g. After resuspension in Dulbecco's modified Eagle's medium, cells were incubated on IgG-coated plastic dishes for 15 min at 37°C. Non-adherent cells were centrifuged for 8 min at 130 g, and then suspended in medium (MucilAir; Epithelix) and incubated in suspension flasks overnight at 37°C/5% CO 2 . The next day, 4 × 10 6 cells were centrifuged and resuspended in 100 µl 4D-Nucleofector Solution 
pHluorin amplification primers pHluorin Cla1 5 TATATCGATGGAGGAGCTGGAGGAGCTAGGAGTAAAGGAGAAGAACTTTTCACTGG pHluorin EcoR1 3 ATAGAATTCAGCTCCTCCAGCTCCTCCTTTGTATAGTTCATCCATGCCATGTGTAATCC via a Digidata 1322A interface (Molecular Devices). Data were filtered at 2 kHz and digitized at >5 kHz. Drugs were applied to single cells with a local fast perfusion device (SF-77B Perfusion Fast
Step; Warner Instruments), resulting in complete solution change in 10 ms. The equipment used for electrophysiology has been described in detail by us (Shigetomi and Khakh, 2009; Toulme et al., 2010; Richler et al., 2011; Toulme and Khakh, 2012) .
Patch-clamp photometry to measure fractional Ca 2+ currents (Pf%) We used a well-established fluorimetric flux technique (Schneggenburger et al., 1993; Egan and Khakh, 2004) . In brief, the Pf% was determined by simultaneously measuring total membrane current and fluorescence in cells loaded with a high concentration (2 mM) of the calcium-sensitive dye K 5 FURA-2 (Invitrogen). Membrane currents were recorded from single cells held at 60 mV. The intracellular solution was as described above for voltage-clamp recording from HEK-293 cells but lacked EGTA and contained 2 mM K 5 FURA-2. Light emitted by FURA-2 (380-nm excitation, 510-nm emission) was gathered by a microscope objective and directed to the input of a photomultiplier detection system (model 714; Photon Technology International). To account for the day-to-day variation in the sensitivity of the microscope and photomultiplier tube, the FURA-2 signal was normalized to a "bead unit." One bead unit equaled the average fluorescence of seven Fluoresbrite carboxy BB 4.6-µm microspheres (Polysciences, Inc.) measured one at a time on the morning of that day's experiments (Egan and Khakh, 2004) . The extracellular bath solution was as listed above for voltage-clamp recording, except that it contained 2 mM CaCl 2 .
Epifluorescence and total internal reflection fluorescence (TIRF) microscopy In brief, we used a microscope (IX71; Olympus) equipped with an IXON DV887DCS EMCCD camera (Andor Technology), epifluorescence condenser, control unit, and monochromator (Polychrome V; TILL Photonics). P2X4-pHluorin was illuminated by 488-nm light from the monochromator. The control of excitation and image acquisition was achieved using TILLVision software (TILL Photonics). The beams of argon (100 mW) and 442-nm solid-state (45 mW) lasers were combined and controlled with a polyline (TILL Photonics) laser combiner, TIRF dual-port condenser, and acoustoptical tunable filter and controller (TILL Photonics) and fed into a broadband fiber for entry into the TIRF condenser. We used a 60× 1.45 numerical aperture lens (Olympus) to achieve TIRF. The time-lapse images were taken at one frame per second using 2 × 2 binning on the EMCCD chip. The epifluorescence and TIRF rig have been described in detail by us Shigetomi and Khakh, 2009 ).
Data analysis
Electrophysiological analysis was performed with Clampfit 10.1 (Molecular Devices), Igor Pro (Wavemetrics, Inc.), Origin 6.1 or 7.5 (OriginLab Corporation), and GraphPad Instat (GraphPad Software). Image analysis was performed with iMic Offline analysis software (Till Photonics) and ImageJ (NIH). The figures were assembled in CorelDraw12 (Corel Corporation). The Pf% was calculated as
where Q T (the integral of the ATP-gated ionic current) and Q Ca are given by
Confocal microscopy of HEK-293 cells, hippocampal neurons, and C8-B4 cells Imaging was performed using commercially available standard confocal microscopes. In brief, cells were imaged using a Fluoview 1000 or Fluoview 300 (Olympus) confocal microscope with a 40× water-immersion objective lens with a numerical aperture of 0.8. We used the 488-nm line of an argon laser to excite P2X4-pHluorins, with the intensity adjusted to 0.5-5% of the maximum output, which was 10 mW. The emitted light pathway consisted of an emission high pass filter (505-525 nm) before the photomultiplier tube. Red fluorescent proteins were excited by the 543-nm laser line of the HeNeG laser at 30% of the maximum output (1 mW). The emitted light pathway consisted of a dichroic mirror (SDM560) and a 560-600-nm emission filter. The time-lapse images were taken one frame per 15 s. Solution in perfusion chamber was exchanged with a local perfusion device in 5 s. Z-series images were taken every 0.5-1 µm throughout the cell's volume. During confocal microscopy, the cells were bathed in extracellular solutions, which are listed below. Live cell microscopy of ATII cells Combined pHluorin and LysotrackerRed (LTR; Life Technologies) experiments were performed on an iMic digital microscope (Till Photonics) with a 488-nm excitation filter for pHluorin and a 568-nm excitation filter for LTR. Before the start of the experiment, the cells were incubated in 100 nM LTR for 10 min to detect LB fusions, washed twice in bath solution (mM: 140 NaCl, 5 KCl, 1 MgCl 2 , 2 CaCl 2 , 5 glucose, and 10 HEPES, pH 7.4), and kept in bath solution for the duration of the experiment. LB exocytosis was stimulated using 100 µM ATP and 300 nM PMA (Sigma-Aldrich). Images were analyzed using iMic Offline analysis software (Till Photonics) and ImageJ (National Institutes of Health [NIH] ). Analysis of cellular distribution of P2X4 in ATII cells was performed on a Cell Observer microscope (Carl Zeiss). ATII cells were seeded in perfusion chambers (ibidi GmbH) and illuminated for 100 ms at a rate of 0.2 Hz at 480 nm. Images were acquired using MetaFluor (Molecular Devices) and analyzed using MetaFluor Analyst (Molecular Devices). Excel (Microsoft) was used for statistics and graph design. Unless otherwise stated, all data are presented as mean ± SEM.
Whole-cell voltage-clamp recording
The extracellular recording solution for HEK-293 and C8-B4 cells comprised (mM): 150 NaCl, 1 MgCl 2 , 1 CaCl 2 , 10 HEPES, and 10 glucose. The pipette solution comprised (mM): 160 KCl, 10 EGTA, and 10 HEPES. The extracellular recording solution for hippocampal neurons comprised (mM): 130 NaCl, 5.4 KCl, 0.8 MgCl 2 , 1.8 CaCl 2 , 10 HEPES, and 7.4 glucose. The pipette solution comprised (mM): 100 K-gluconate, 30 KCl, 0.5 CaCl 2 , 5 EGTA, 2 Mg-ATP, 0.3 Na-GTP, and 10 HEPES. Whole-cell voltageclamp recordings were made using 3 MΩ borosilicate glass electrodes (World Precision Instruments) with an Axopatch 200B amplifier controlled by a computer running pCLAMP10.1 software Origin 8.2 (OriginLab Corporation) or GraphPad Instat (version 3.10, 32 bit for Windows; GraphPad Software). Significance was declared at a p-value of <0.05.
Temperature
All imaging and electrophysiology experiments were performed at room temperature (21-23°C).
Chemicals
All of the reagents were from VWR International, Sigma-Aldrich, Tocris Bioscience, Thermo Fisher Scientific, or Ascent Scientific. The names of several molecules have been abbreviated.
Online supplemental material Video 1 shows confocal Z-series images through a HEK-293 cell expressing P2X4-YFP; Video 2 shows confocal Z-series images through a HEK-293 cell expressing P2X4-pHluorin123; and Video 3 shows confocal Z-series images through a HEK-293 cell expressing P2X4-pHluorin123 at pH 7.4, pH 5.4, and in NH 4 Cl. The online supplemental material is available at http://www.jgp.org/cgi/content/ full/jgp.201411169/DC1.
R E S U L T S
Selection of extracellular sites in mP2X4 receptor subunits for pHluorin insertions
We begin with a necessary brief introduction to the structural organization of P2X receptors. Our current understanding of the P2X4 receptor is based on the zfP2X4.1 receptor crystal structure Hattori and Gouaux, 2012) combined with nearly two decades of structure-function studies of mammalian subunits (Coddou et al., 2011b; Kaczmarek-Hájek et al., 2012; Khakh and North, 2012) . Each P2X subunit has two transmembrane domains and an extracellular loop (Fig. 1 A) . The P2X receptor is assembled as a trimer (Nicke et al., 1998) with a large extracellular domain, the tip of which stands 70 Å above the PM (Fig. 1 A) . Here, the three subunits embrace each other, with a narrow central pore along their axis of symmetry. In the juxtamembrane regions, the extracellular domain contains three lateral portals that form access portals for ion flow into an extracellular vestibule above the transmembrane pore. The ATP-binding site is located 45 Å above the PM. In seeking to identify sites to insert pHluorin within the P2X4 receptor extracellular domain, we avoided regions of known function, such as the ATPbinding site; the lateral portals; and the upper, central, and extracellular vestibules (Khakh and North, 2012) . We also avoided the pore and the connecting rods thought to couple ATP binding to pore opening (Browne et al., 2010) . We then identified regions within the extracellular domain that correspond to flexible loops or unfolded regions within the zfP2X4.1 structure. Finally, we compared the amino acid sequences of these regions to those of regions representing nonconserved areas based on sequence analysis (Fig. 1 B) . The combination of these approaches suggested nine sites for pHluorin insertion. These were immediately after
F Max is the calibration constant used to relate Q Ca to F 380 . It was calculated using procedures described in a separate series of experiments under conditions where Q T is expected to equal Q Ca (Egan and Khakh, 2004) . Pf% was often measured multiple times in a single cell (these measures were then averaged to give the Pf% for the individual cell).
We performed a series of experiments in cells expressing P2X4-pHluorin to calculate the contribution of fluorescence from receptors on the cell surface, within acidic compartments and within other intracellular compartments. The rationale and logic of these experiments are well established. In brief, we exploited the pH sensitivity of the pHluorin with the knowledge that intracellular compartments have acidic pH that can be alkalized with brief bath applications of NH 4 Cl (Miesenböck et al., 1998; Sankaranarayanan et al., 2000) . The cells were initially bathed in extracellular solutions at pH 7.4. Under these settings, the total cellular fluorescence (F total ) consists of channels on the surface (F surface ) with the pHluorin facing the extracellular pH 7.4 buffer, channels within acidic compartments (F acidic ) with the pHluorin quenched, and receptors/fluorescence in other compartments (F other ) of unknown pH environment. Thus,
where
Here, F basal is the basal fluorescence of the cells at pH 7.4, and F NH4Cl is the fluorescence of the cells in NH 4 Cl, when all acidic compartments are also at a pH greater than 7.4. F surface was measured by applying extracellular buffers at pH 5.4, which quenches surface receptors. F acidic was measured by applying NH 4 Cl, which alkalizes acidic compartments to a pH of 7.4 (Miesenböck et al., 1998; Sankaranarayanan et al., 2000) . Thus,
The TIRF experiments were analyzed in the same way. Colocalization was assessed using dual-color confocal images of P2X4-pHluorin and PM-mCherry, DsRed2-ER (Srinivasan et al., 2012) , and Lamp1-RFP using the using the Coloc_2 plugin in the Fiji image-processing package for ImageJ. We unambiguously analyzed colocalization across many cells (n numbers are provided in the text) by measuring the Pearson's correlation coefficient (r) and comparing these values statistically (Fig. 7) . In analyzing and interpreting the data, we followed published guidelines (Zinchuk and Zinchuk, 2008) . In brief, we interpreted Pearson's coefficient (which can range from 1 to 1) in the following way: 1, perfect negative correlation; 0, no correlation; 1, perfect positive correlation, i.e., colocalization. Pearson's correlation coefficients of greater than 0.5 are interpreted as indicative of reliable colocalization between two spectrally separated fluorophores (Zinchuk and Zinchuk, 2008) . Data are presented as the mean ± SEM from n experiments as indicated in the text. Statistical tests were run in Nine constructs were made and tested using approaches described in detail in the Results. They are identified in the figure. flexible, hence the choice of glycine and alanine residues. The amino acids IL and EF correspond to the 5 and 3 restriction sites we used during the cloning step (ClaI and EcoRI). We did not systematically vary the linker sequences, and this is something that could be explored in follow-up studies, perhaps most usefully for insertion sites that were nonfunctional. As reported below, P2X4-pHluorin123 was functional and thus there was no immediate need to vary the flanking sequences.
Screening of nine mP2X4-pHluorin receptors for function and expression Fig. 2 illustrates the sites chosen for pHluorin insertion as red balls on the structure of a single P2X4 subunit in Q78, F81, K122, S155, L206, A221, T223, L303, and N306 (mP2X4 numbering; Fig. 1 B) . We inserted pHluorin at each of these sites independently using PCR and named the cognate receptors P2X4-pHluorin79, P2X4-pHluorin82, P2X4-pHluorin123, P2X4-pHluorin156, P2X4-pHluorin207, P2X4-pHluorin222, P2X4-pHluorin224, P2X4-pHluorin304, and P2X4-pHluorin307, respectively (Fig. 1 B) . All of these constructs are available from us. The most useful construct, P2X4-pHluorin123, has been deposited at Addgene for distribution. In each case, the pHluorin was flanked by flexible linkers. Thus, the insertion cassette was -GAGAILGGAGGA-pHluorin-GGAGGAEFAGAG-. The flanking amino acid sequences were chosen to give rise to linkers that are likely to be The sites for pHluorin insertion mapped onto a dolphin model of a P2X4 subunit. Hence, the constructs we made map to the beak, head, and dorsal fin domains. The graph shows leak-subtracted current-voltage relations for 100 µM of ATP-activated whole-cell currents from HEK-293 cells. The numbers next to each trace correspond to the individual pHluorin constructs, as shown in the dolphin model on the left. From this initial screen, it was apparent that P2X4-pHluorin123 was most similar to WT P2X4. The average data for experiments such as these are shown in Table 1 . P > 0.05 using ANOVA). Interestingly, epitope tags (e.g., AU5, HA) are well tolerated in rP2X4 receptors at amino acid positions 76 and 78 (Bobanovic et al., 2002; Toulme and Khakh, 2012) , whereas pHluorin insertion at Q78 of mP2X4 was detrimental to function. This empirical result speaks to the difficulty/unpredictability of inserting GFP-like proteins into the middle of receptors and channels (Mealer et al., 2008) , and implies the necessity for random insertion methods (Giraldez et al., 2005) or structure-based design as in the case here.
We next examined expression of the pHluorin-tagged receptors in HEK-293 cells by confocal microscopy. For these experiments, we used P2X4 receptors tagged on the C-terminal tail with YFP as the control; past work shows that receptors carrying C-terminal YFP or GFP fusions function like WT P2X4 (Bobanovic et al., 2002; Khakh and Egan, 2005; Toulme and Khakh, 2012) . All of the P2X4-pHluorin constructs were expressed within HEK-293 cells as judged by marked bright green fluorescence (Fig. 3 , B and C; n = 6-16), as well as by Western blot analysis of HEK-293 cell lysates (Fig. 3 D ; n = 3 in each case; P2X4-pHluorin is expected to run at 70.5 kD). Thus, P2X4-pHluorin79, P2X4-pHourin207, P2X4-pHluorin222, and P2X4-pHluorin224 were robustly expressed (Fig. 3, B-D) but failed to give functional responses (Figs. 2 C and 3 A) . Confocal microscopy revealed that the unbound (Fig. 2 A) and ATP-bound states (Fig. 2 B) . Most of the sites chosen were within loops. The domains within P2X subunits were named on the basis of the zfP2X4.1 crystal structure by viewing it as a dolphin rising from the water, with its fluke representing the transmembrane segments and parts of its body representing distinct regions of the P2X subunit . In this view, the body of a P2X subunit consists of the beak, head, body, dorsal fin, fluke, and right and left flippers (Fig. 2 C) . The pHluorin sites we used map to the beak, head, and dorsal fin domains (Fig. 2 C) . We avoided the left and right flippers because these are thought to be involved in stabilizing subunit-subunit interactions.
We used whole-cell voltage-clamp electrophysiology to screen the pHluorin-tagged P2X4 receptors expressed in HEK-293 cells and made parallel measurements from WT P2X4 receptors. We applied 100 µM ATP and measured current-voltage relations (Fig. 2 C ; n = 3-17). Several of the pHluorin-tagged receptors produced functional responses with macroscopic current-voltage relations that were similar to WT P2X4 (Fig. 2 C and Table 2 ). From this initial analysis, P2X4-pHluorin123 was the most similar to WT P2X4. Average data and statistics are shown in Table 2 . Indeed, P2X4-pHluorin123 displayed ATP-evoked currents that were not significantly different to WT P2X4 (Fig. 3 A and 11.6 ± 3.1 (n = 10)
Fluorescence intensity documents the average fluorescence intensity of HEK-293 cells expressing the indicated constructs. The rectification index is the ratio of current + and 40 of the ATP-evoked current reversal potential (Erev). The surface, acidic, and nonacidic fractions of receptors were calculated as described in Materials and methods and Results.
these constructs were trapped inside the cells and failed to reach the surface (e.g., Fig. 3 B for P2X4-pHluorin207).
In contrast, P2X4-pHluorin 82, P2X4-pHluorin123, and P2X4-pHluorin156 were functional and brightly fluorescent, and reached the cell surface as judged by bright fluorescence at the cell perimeter (e.g., Fig. 3 B for P2X4-pHluorin123). Of the P2X4-pHluorin constructs made and tested, P2X4-pHluorin123 revealed the highest fluorescence intensity (Fig. 3 C) , recalling the large ATPevoked currents measured with this receptor (Figs. 2 B and 3 A, and Table 2 ). We comment briefly on the fact that the fluorescence intensity of P2X4-YFP and P2X4-pHluorin123 expressed in HEK-293 cells is not identical (Fig. 3, B and C) . What factors contribute to this difference? Recall that the YFP moiety in P2X4-YFP is on the cytosolic domain and is therefore always exposed to the neutral intracellular pH. In contrast, the pHluorin moiety in P2X4-pHluorin123 is in the extracellular domain and is exposed to the acidic lumen of vesicles within cells. These facts imply that the overall fluorescence intensity of cells expressing P2X4-pHluorin123 is expected to be lower than that of cells expressing P2X4-YFP, which recalls the empirical data (Fig. 3 C) . More precise intensity comparisons are vitiated by the fact that values for quantum yields of YFP and pHluorin at equivalent pH values are not available. Interestingly, past work and data shown herein (Fig. 3 A) show that P2X4-YFP and P2X4-pHluorin123 receptors both give rise to whole-cell ATP-evoked currents that are indiscernible from WT P2X4 (Bobanovic et al., 2002; Khakh and Egan, 2005) . Collectively, these data provide strong evidence that P2X4-pHluorin123 is expressed at levels comparable to P2X4-YFP and WT P2X4. Moreover, the difference in fluorescence intensity between P2X4-YFP and P2X4-pHluorin123 receptors implies a significant acidic pool of receptors that is not revealed by the P2X4-YFP fusion construct but is revealed by P2X4-pHluorin123 (as being quenched). We explored this possibility in subsequent experiments.
From Fig. 3 B it is also clear that P2X4-pHluorin123 displays more fluorescence in the cytosol as compared with P2X4-YFP, which likely reflects partial localization to the ER. Further work is needed to understand this difference, but one possibility is that the YFP tag on the C-terminal tail of P2X4 in P2X4-YFP receptors affects The bar graph summarizes the average data for peak 100-µM ATP-evoked currents at 60 mV for HEK-293 cells expressing each of the indicated constructs. All of the pHluorin constructs were compared with WT P2X4 using a Dunnett one-way ANOVA test. With the exception of P2X4-pHluorin123, they all displayed reduced currents. (B) Representative confocal images of HEK-293 cells expressing the three indicated constructs. Note that no membrane localization was observed for P2X4-pHluorin207. (C) Bar graph summarizes the fluorescence intensity of HEK-293 cells expressing the indicated constructs; all of the data were acquired using identical conditions for transfection and imaging. (D) The top panels show representative Western blots for the indicated constructs, whereas the bottom bar graph summarizes the data for P2X4 band intensities relative to  actin. Note that we observed additional bands in the case of P2X4-pHluorin123 and P2X4-pHluorin156. These likely correspond to partial degradation of the protein. Table 1 summarizes statistical data from experiments such as those shown in Fig. 3 . Error bars represent mean ± SEM.
desensitized by 92 ± 1 and 86 ± 1%, respectively, over 30 s of 10-µM ATP applications (P = 0.0006 when assessed with an unpaired Student's t test). The subtle effect of pHluorin insertion on desensitization may be explained by the fact that the head domain of P2X receptors is proposed to move during activation and desensitization . We also note that 90% desensitization during 30-s applications of 10 µM ATP is consistent with past studies on P2X4 receptors (Toulme et al., 2010; Toulme and Khakh, 2012) . Moreover, the allosteric modulator ivermectin (IVM) (Khakh et al., 1999; Priel and Silberberg, 2004 ) potentiated ATP-evoked currents mediated by WT P2X4 and P2X4-pHluorin123 receptors equally (Fig. 4 , D and E; n = 6 and 6; P = 0.46 when compared with an unpaired Student's t test). Collectively, these experiments suggest that the basic pharmacological properties of P2X4 receptors are not altered by the addition of pHluorin after K122 in the extracellular domain. From a structural perspective, this is in accord with the knowledge that both ATP and IVM bind to regions of the protein distanced from the loop within the beak carrying pHluorin. The best available data suggest that ATP binds within an intersubunit pocket lined with positive charges cradled by the head domain, upper body, lower body, left flipper, and dorsal ER localization. Nonetheless, P2X4-pHluorin123 and P2X4-YFP both give rise to functional responses indiscernible from WT P2X4 receptors (Figs. 2 C and 3 A) (Toulme and Khakh, 2012) .
Properties of mP2X4-pHluorin123 receptors in relation to WT P2X4
We studied the properties of P2X4-pHluorin123 receptors in more detail because this receptor most resembled WT P2X4 in our initial screening experiments (Figs. 1-3) . ATP evoked concentration-dependent inward currents that were almost identical in HEK-293 cells expressing WT P2X4 and P2X4-pHluorin123 receptors (Fig. 4 , A-C; n = 7 and 10). Thus, the concentration-effect curves for WT P2X4 and P2X4-pHluorin123 overlapped with similar EC 50 values at 6 µM and similar Hill slopes of 2, which are both consistent with past work on mP2X4 receptors (Jones et al., 2000) . Moreover, the peak 30-µM ATP-evoked inward currents were not significantly different (Fig. 4 C ; n = 27 and 17). Next, we applied 10 µM ATP for 30 s and examined the extent of desensitization for WT P2X4 and P2X4-pHluorin123 receptors and found subtle but statistically significant differences between them (Fig. 4 , D and E; n = 5 and 6). Thus, WT P2X4 and P2X4-pHluorin123 receptors The inset graph shows the peak 100-µM ATP-evoked currents from multiple cells gathered over a 3-mo period. The graphs for WT P2X4 and P2X4-pHluorin123 were identical, with the receptors displaying similar EC 50 values, Hill slopes, and peak currents. (D and E) Current waveforms for WT P2X4 and P2X4-pHluorin123 to assess the extent of desensitization during 30-s, 10-µM ATP applications to assess the degree of current potentiation during applications of 3 µM IVM. The data for WT P2X4 and P2X4-pHluorin123 were indiscernible (n = 6 for WT P2X4 and n = 6 for P2X4-pHluorin123). Error bars represent mean ± SEM. (Fig. 5 C) . Collectively, these findings provide strong evidence that the Pf% value of mP2X4 is not altered by the pHluorin tag at K122. In accord, Ca 2+ permeability and flux in P2X receptors are known to be regulated by residues that line the lateral portals and the pore domain, both of which are distanced from K122 (Migita et al., 2001; Egan and Khakh, 2004; Samways and Egan, 2007; Samways et al., 2011 Samways et al., , 2012 .
mP2X4-pHluorin123 receptors display pH-dependent fluorescence changes
The preceding sections show that P2X4-pHluorin123 receptors function like WT P2X4, prompting us to evaluate if the pHluorin moiety within these receptors also displays the expected pH-sensitive fluorescence changes. We tested this possibility by applying buffered pH solutions to HEK-293 cells expressing P2X4-pHluorin123 (Fig. 6 ). We measured robust pH-dependent alterations in the intensity of HEK-293 cells ( Fig. 6 ; n = 7). The apparent pKa was 7.30, which is close to the reported value of 7.2 for pHluorin (Sankaranarayanan et al., 2000) . We conclude that insertion of pHluorin into mP2X4 receptors at K122 does not affect the pH sensitivity of the fluorescent protein.
Distribution of mP2X4-pHluorin123 receptors expressed in HEK-293 cells
We used live cell imaging to study the distribution of P2X4-pHluorin123 receptors expressed in HEK-293 cells (Fig. 7) . To examine expression within the PM regions, we explored colocalization between P2X4-pHluorin with mCherry targeted to the PM (PM-mCherry is from a pCS2-mCherry plasmid containing the mCherry fluorescent protein tagged to a lyn-kinase PM localization signal). To assess colocalization in a systematic way, we used Pearson's correlation coefficient analysis: a value >0.5 represents significant colocalization (Zinchuk and Zinchuk, 2008) . In the case of PM-mCherry and P2X4-pHluorin, the Pearson's correlation coefficient for wholecell regions of interest (ROIs) was 0.6 ± 0.04, whereas it was 0.9 ± 0.01 for ROIs selected to be near the PM (Fig. 7 A; n = 6 ). In contrast, we found little colocalization between P2X4-pHluorin and DsRed2 targeted to the ER (DsRed2-ER). The Pearson's correlation coefficient was 0.5 ± 0.10 (Fig. 7 B ; n = 6). Finally, we assessed expression within lysosomes by using Lamp1-RFP as a marker. The Pearson's correlation coefficient was 0.9 ± 0.03 (Fig. 7 C ; n = 6). Collectively, these data indicate that P2X4-pHluorin123 was expressed predominantly in PM and lysosomal compartments (Bobanovic et al., 2002; Royle et al., 2002; Royle and Murrell-Lagnado, 2003; Qureshi et al., 2007) .
Next, we exploited the pH dependence of pHluorin to quantify the fraction of P2X4-pHluorin123 receptors on the PM and in acidic compartments within HEK-293 cells (Fig. 8) . To this end, we applied acidic buffers (pH 5.4) fin (Hattori and Gouaux, 2012) , whereas IVM binds within the transmembrane domains (Silberberg et al., 2007; Jelínkova et al., 2008; Coddou et al., 2011a) .
Native and recombinant P2X4 receptors carry significant Ca 2+ currents (Egan and Khakh, 2004; Toulme et al., 2010) . The Pf% of rP2X4 receptors is 12% and is considered a physiologically important attribute of this protein, although the Pf% value for mP2X4 has not hitherto been reported. In light of this, we used the dye overload method to determine and compare the Pf% values for mP2X4 and P2X4-pHluorin123 in relation to other mammalian P2X receptors ( Fig. 5 ; n = 20, 78, 9, 8, and 10 for rP2X4, hP2X4, mP2X4, P2X4-pHluorin123, and zfP2X4, respectively). We made several observations. First, the Pf% value for mP2X4 and P2X4-pHluorin123 was not significantly different at 18.5 and 19%, respectively, but it was greater than zfP2X4, rP2X4, and hP2X4 when assessed using ANOVA between the multiple groups Figure 5 . Pf% for P2X4-pHluorin123 receptors in relation to other P2X receptors. (A and B) The top panels show waveforms for ATP-evoked currents (black), charge (red), and changes in the fluorescence of FURA-2 (red) for WT P2X4 and P2X4-pHluorin123 receptors expressed in HEK-293 cells. The bottom graphs plot the change in fluorescence of FURA-2 against charge transfer. The slope of this graph provides the Pf(%) value. In these graphs, the change in fluorescence intensity of FURA-2 is shown in "bead units" (see Materials and methods). (C) Summary bar graph showing the average Pf(%) value for WT mP2X4 and mP2X4-pHluorin123 in relation to other P2X receptors. The values were compared using a Tukey-Kramer multiple comparisons ANOVA test. rP2X4, hP2X4, and zfP2X4 were significantly different to mP2X4 (*, P < 0.05), but P2X4-pHluorin123 was not (P > 0.05). Error bars represent mean ± SEM. throughout the cells, hence relieving them from being quenched within acidic compartments by protons. From these measurements, we could arithmetically calculate the proportion of the total receptors that were to measure cell surface fractions followed by 25 mM NH 4 Cl to alkalize acidic compartments and measure the total receptor fraction (Fig. 8, A-F ; n = 14). In this context, NH 4 Cl is used because it alkalizes receptors P2X4-pHluorin123 receptors we made (Figs. 1-2) . In Fig. 9 , P2X4-pHluorin123 is replotted from Fig. 8 F Table 2 ). From this analysis, it emerges that P2X4-pHluorin79 and P2X4-pHluorin123 are almost identical in their cell surface and intracellular distribution patterns, despite the fact that P2X4-pHluorin79 is electrophysiologically silent (i.e., dead). This result suggests two things. First, the distribution of P2X4 receptors within cellular compartments may not be regulated by P2X4 channel function, and second, P2X4-pHluorin79 (and P2X4-pHluorin307) emerges as a useful control/comparative construct for future studies to evaluate the contributions of channel function to P2X4 receptor distributions within cells.
Distribution of mP2X4-pHluorin123 receptors in neurons and C8-B4 microglial cells
As proof-of-concept, we set out to evaluate the utility of P2X4-pHluorin123 in native cell types. Using protocols and analysis methods tested on HEK-293 cells (Fig. 8) , found on the cell surface and within acidic compartments at 40 and 50%, with a further 10% residing in other compartments (Fig. 8 F) . These additional intracellular compartments may represent the slight degradation of P2X4-pHluorin123 that was apparent from the Western blot analysis in Fig. 3 . During applications of NH 4 Cl, numerous intracellular vesicle-like structures became visible, displaying a range of intensities and apparent sizes ranging from 1 to 6 µm full width at half maximum (FWHM; Fig. 8 F) . Based on the observations from Fig. 7 , these vesicle-like structures are likely endosomes and lysosomes carrying variable amounts of P2X4-pHluorin123 cargo. During control-imaging experiments that also lasted 700 s, cells expressing P2X4-pHluorin123 receptors bleached minimally by 4.0 ± 1.7% (n = 19), highlighting P2X4-pHluorin123's utility for imaging studies without obvious loss of signal.
In the preceding section, we focused on P2X4-pHluorin123 because this receptor was indiscernible from WT mP2X4 using several measures of function (Figs. 2-5 ). For comparative purposes, in Fig. 9 we also report cell surface and intracellular fractions for all of the . The bottom bar graph shows the proportion of P2X4-pHluorin123 receptors on the cell surface, within intracellular compartments, and within other compartments of HEK-293 cells. To generate this graph, the data were analyzed as described in Materials and methods using data from experiments such as those shown in E. Error bars represent mean ± SEM. P < 0.01; n = 16). These data support the findings that the distribution of P2X4-pHluorin123 receptors within cellular compartments is determined by specific amino acid residues in the cytosolic N and C termini (Qureshi et al., 2007) , whereas our data with "dead" P2X4-pHluorin79 receptors (Fig. 9) imply little detectable role for ion channel function in these phenomena. Interestingly, we found that the quadruple mutant was functionally compromised: the ATP-evoked currents were 45 ± 5 (n = 5) and 1.2 ± 0.3 pA/pF (n = 7) for P2X4-pHluorin123 and P2X4-pHluorin123 L22A/I23A/Y372F/Y378F , respectively. As far as we know, the quadruple mutant was not evaluated using electrophysiology in past studies (Qureshi et al., 2007) , but it is not surprising that the four mutations affect function because they occur in regions known to be important for normal functioning of P2X receptors (North, 2002; Coddou et al., 2011b; Kaczmarek-Hájek et al., 2012) .
Distribution of P2X4-pHluorin receptors in primary ATII cells
Similar to the experiments performed in cultured hippocampal neurons and the C8-B4 microglial cell line, we next evaluated expression of P2X4-pHluorin123 in we next evaluated P2X4-pHluorin123 expression in cultured hippocampal neurons and the C8-B4 microglial cell line (Toulme et al., 2010; Samways et al., 2012; Toulme and Khakh, 2012) . In so doing, we analyzed fluorescence signals from the somatic regions as well as in regions from processes (n = 12-36), and we also measured whole-cell ATP-evoked currents (Fig. 10 ). The currents evoked by 100 µM ATP were 11 ± 4 (n = 6) and 56 ± 1 pA/pF (n = 7; Fig. 10 C) for neurons and C8-B4 microglial cells, respectively. There were no differences in the relative proportions of cell surface and intracellular P2X4-pHluorin123 receptors in the somata or processes of neurons (Fig. 10, A and D ; n = 16 somata and n = 37 processes). However, for C8-B4 microglial cells, the cell surface fraction was significantly larger in the processes as compared with somata (Fig. 10 D; P < 0.01, n = 12 somata and n = 16 processes). This was clear from the average data shown in Fig. 10 D as well as from the traces for somatic and process regions (Fig. 10 E ; n = 10). Moreover, a quadruple P2X4 mutant (L22A, I23A, Y372F, and Y378F; Fig. 10 F) that lacks endocytic and lysosomal targeting (Qureshi et al., 2007) significantly increased the fraction of receptors on the cell surface for C8-B4 microglial processes and somata (Fig. 10 G;   Figure 9 . Summary data for all pHluorin-tagged P2X4 receptors. The top panel represents a dolphin model of P2X4 receptors with the locations of the pHluorin insertion sites shown. The bottom bar graph shows data for each of these constructs and reports the fraction of the total receptors on the cell surface and within intracellular compartments. The data for P2X4-pHluorin123 in this graph are replotted from Fig. 8 for comparison. Of the indicated constructs, only P2X4-pHluorin123 and P2X4-pHluorin79 are interesting because both of these show the same overall distribution in the cells, but P2X4-pHluorin79 is nonfunctional, whereas P2X4-pHluorin123 receptors function like WT P2X4. Error bars represent mean ± SEM. P2X4 mutant (L22A, I23A, Y372F, and Y378F; Fig. 11,  A and B) . In contrast to neurons and microglia, the distribution of P2X4 among cell surface, receptors in acidic compartments, and other compartments was not different in cells expressing WT or mutant P2X4 (Fig. 11 B) . Little surface expression of P2X4 (12.8 ± 1.8%, n = 8, and 12.2 ± 3.1%, n = 14, in cells expressing WT and mutant P2X4, respectively) is in line with previous reports (Miklavc et al., 2011) and could reflect that a large proportion of PM P2X4 results from exocytosis of LBs. Such fusion events are sparse under nonstimulated resting conditions (Frick et al., 2001 ). In addition, the lack rat primary ATII cells. It has been reported recently that P2X4 is expressed on LBs, which are large lysosome-related organelles storing pulmonary surfactant; P2X4 receptors readily become part of the apical membrane upon exocytosis of LBs (Miklavc et al., 2011) . Activation of vesicular P2X4 receptors upon exocytosis of LBs is essential for surfactant release and contributes to "activation" of surfactant in the extracellular space (Miklavc et al., 2011 (Miklavc et al., , 2013 Thompson et al., 2013) .
We first analyzed the relative proportions of cell surface and intracellular P2X4-pHluorin receptors in ATII cells expressing either WT P2X4-pHluorin123 or the LB fusions with PM were detected by selective loss of LTR fluorescence from individual LBs after fusion pore opening (Haller et al., 1998) . After fusion of LBs with the PM, a selective ring-like increase in pHluorin fluorescence at the site of vesicle fusion was observed, most likely resembling the LB membrane (Fig. 11 C) . Detailed analysis of the fluorescence increase revealed that P2X4-pHluorin123 fluorescence does increase immediately after LB fusion and is restricted to the LB membrane of the fused vesicle (Fig. 11 D) . Moreover, mean P2X4-pHluorin123 fluorescence does not significantly decrease within fused LBs for prolonged times (98.5 ± 1.1%, n = 5, and 85.6 ± 8.8%, n = 5, of maximum pHluorin123 fluorescence 30 and 60 s after fusion, respectively). This suggests that P2X4-pHluorin123 is restricted to the LB membrane after LB fusion with the PM; P2X4-pHluorin123 does not rapidly diffuse into the PM or of difference between WT and mutant P2X4 surface expression likely results from little membrane turnover and endocytic activity in alveolar epithelial cells kept in standard cell culture conditions (Huh et al., 2010) . Under such conditions, WT P2X4 receptors are expected to be trapped in the PM once inserted. However, a detailed understanding of P2X4 trafficking in ATII cells is still elusive.
Similar to the observations in HEK-293 cells, neurons, and microglia, a substantial proportion of P2X4 resides within acidic compartments (37.1 ± 5.9%, n = 8, and 31.0 ± 2.2%, n = 14, in cells expressing WT and mutant P2X4, respectively). To test whether P2X4 is expressed in LBs and whether fusion of LBs results in the insertion of P2X4 in the cell surface, we performed experiments to directly visualize an increase of vesicular pHluorin fluorescence upon fusion of LBs with the PM. 
IVM potentiates mP2X4-pHluorin123 functional responses without altering the surface fraction of receptors
Having shown that P2X4-pHluorin123 is useful for studies within native cell types (Figs. 10 and 11) , we next used it to address a specific mechanistic question related to IVM actions at P2X4 receptors. The application of micromolar amounts of IVM to cells expressing P2X4 receptors dramatically potentiates and prolongs ATPevoked currents in a manner that is largely selective for appear to be recaptured via endocytosis over these time scales.
Collectively, our experiences with P2X4-pHluorin123 receptors expressed in HEK-293 cells (Fig. 8) , hippocampal neurons and C8-B4 microglial cells (Fig. 10) , and ATII cells (Fig. 11) emphasize cell-and compartment-specific expression patterns of this protein and in so doing provide an optical assay to study these differences and their molecular basis in future work. responses mediated by P2X4 receptors (Khakh et al., 1999; Priel and Silberberg, 2004; Silberberg et al., 2007; Samways et al., 2012) . We found no evidence to indicate that IVM increases the cell surface fraction of P2X4-pHluorin123 receptors.
D I S C U S S I O N
Main findings from this study
There are seven main findings from this study. (1) We generated a series of mP2X4 receptors carrying pHluorin tags in the extracellular domain and report that one of these functions like WT P2X4 as judged by several measures of function and expression. (2) P2X4-pHluorin123 can be used to explore the cell surface and intracellular fractions of receptors in living cells. (3) The cell surface and intracellular fractions of P2X4-pHluorin123 receptors are cell and compartment specific, as they are of different magnitudes between C8-B4 microglia and neurons, and between microglial processes and somata. (4) The fraction of P2X4-pHluorin123 receptors within cell surface and intracellular pools in C8-B4 microglia is controlled by specific amino acid residues in the N and C termini of P2X4 receptors, but seemingly independently of a functional P2X4 channel pore. (5) By measuring functional responses as well as cell surface fractions of mP2X4-pHluorin123 receptors in HEK-293 cells and C8-B4 microglia, we found no evidence that IVM affects the surface fraction, adding further support to the view that IVM acts as an allosteric modulator. (6) Our experiences and studies of P2X4 receptors provide the rational and specific insertion sites to generate similar P2X receptors carrying pHluorin tags (e.g., for P2X1, P2X3, and P2X7). The sites may also be predictive for generating similar constructs for acid-sensing channels that share structural and topological similarities with P2X receptors (Gonzales et al., 2009; Baconguis et al., 2013) . The utility of P2X4-pHluorin123 could be extended by generating further insertion sites for different colored fluorescent proteins using random transposon-based methods (Sheridan et al., 2002; Giraldez et al., 2005; Mealer et al., 2008) . (7) mP2X4-pHluorin123 receptors can now be used to image and quantify the cell surface and intracellular fractions of these receptors in live cells, thus permitting exploration of the molecular mechanisms that lead to up-regulation of P2X4 receptors. The same optical approach could be used to screen for inhibitors of P2X4-pHluorin123 up-regulation, which may be of value therapeutically for epilepsy and neuropathic pain.
As expected, we detected P2X4-pHluorin receptors on the cell surface and within acidic intracellular compartments by using acidic pH jumps and ammonium chloride to alkalize intracellular acidic compartments. However, we also measured fluorescence that we called P2X4 receptors over other P2X receptors (Jarvis and Khakh, 2009) . When this property was discovered, it was suggested that IVM was an allosteric regulator of P2X4 receptors (Khakh et al., 1999) . This conclusion gained support from subsequent electrophysiology and structurefunction work (Priel and Silberberg, 2004; Silberberg et al., 2007; Jelínkova et al., 2008; Coddou et al., 2011a) , and studies of Ca 2+ flux (Samways et al., 2012) . However, another study using biochemical methods suggested that IVM potentiated P2X4 receptor responses by reducing endocytosis (Toulmé et al., 2006) , which in turn increased the pool of functional P2X4 receptors on the PM.
Because P2X4-pHluorin123 receptors are potentiated by IVM (Fig. 4) , we exploited them to further evaluate if IVM produced its potentiating effects on these receptors (Fig. 4) by increasing the surface pool of receptors, which we could estimate directly before and during IVM applications using brief application of pH 5.4 solutions (Figs. 8-10 ). We started by determining if an intracellular pool of receptors existed near the PM of HEK-293 cells and C8-B4 microglia using TIRF microscopy and applications of buffers at pH 5.4 and containing NH 4 Cl (Fig. 12 , A-C; n = 7 and 9). We did not use hippocampal neurons for these experiments because they sit on a layer of astrocytes (Shigetomi and Khakh, 2009) , making TIRF problematic because it requires that the cells be attached directly to glass. Using TIRF microscopy, we found evidence for a large pool of cell surface P2X4-pHluorin123 receptors that represented 80% of the total within the evanescent field (Fig. 12 C) . We also found clear evidence for P2X4-pHluorin123 receptors residing within 100 nm of the PM within acidic compartments that could be alkalized with NH 4 Cl; these represented 10% of the total pool within the evanescent field (Fig. 12 C) . Collectively, these data clearly show that an intracellular pool of P2X4 receptors exists near the PM.
If IVM produces its potentiating effects on P2X4 responses by increasing the numbers of channels in the PM, we would predict that IVM would increase the magnitude of the fluorescence signal quenched by pH 5.4 buffers. We tested this possibility by applying pH 5.4 buffers to single HEK-293 cells and C8-B4 microglia expressing P2X4-pHluorin123 before and during 1-min applications of 3 µM IVM. We then performed wholecell recordings on the same cells to determine if a subsequent application of IVM potentiated the ATP-evoked currents. To permit comparisons with whole-cell electrophysiology, the imaging experiments were performed with epifluorescence imaging. For both HEK-293 cells and C8-B4 microglia, we found that IVM did not significantly change the surface fraction of receptors (Fig. 12 , D and F), but in both cases, IVM did significantly potentiate and prolong the ATP-evoked currents (Fig. 12, E and G). Collectively, our experiments support the view that IVM acts allosterically to potentiate ATP-evoked Starting with initial studies, fusion of GFP to the C terminus of P2X4 subunits has been used with great success to study receptor surface expression and trafficking (Bobanovic et al., 2002; Royle et al., 2002) . However, because the C-terminal tail of P2X4 receptors is always exposed to the cytosol, assigning PM localization of P2X4-GFP receptors is inaccurate, as the GFP would be in the same pH environment whether it was in the PM or within near-PM vesicles. This specific issue is avoided in P2X4-pHluorin123, which carries a pH-sensitive GFP variant in the extracellular domain of P2X4 receptors. The same feature permits study of P2X4-pHluorin123-laden vesicle fusion because the pH of the vesicle lumen changes during fusion with the PM. However, the use of P2X4-pHluorin123 could be improved further. First, it would be interesting to engineer P2X4-pHluorin receptors to also carry 13-amino acid -bungarotoxin-binding sites in the extracellular domain, and then subsequently label these with red fluorescent bungarotoxin (SekineAizawa and Huganir, 2004) . Such approaches should allow one to image receptor endocytosis directly and in real time, because only cell surface receptors will be labeled. Hence, the fate of cell surface receptors and how they mingle with those in lysosomes could be studied directly. Second, in future studies, the use of P2X4-pHluorin123 could be expanded by combining it with subunits that carry pH-sensitive Tomato proteins (pHTomato) within appropriate extracellular locations (Li and Tsien, 2012) . In such settings, the spectral differences between pHluorin and pHTomato would permit the study of the trafficking of two different ion channel populations simultaneously, a feature that could be used to explore pairs of interacting receptors such as P2X4 and P2X7 (Murrell-Lagnado, 2009) .
By necessity, all of our studies used standard plasmidbased mammalian cell transfection methods that are frequently used for cells in culture. These methods have been used based on past experiences with HEK-293, C8-B4, and ATII cells, and hippocampal neurons. In particular, we note that for C8-B4 cells, we used nucleofection because past studies showed that this method did not cause detectable microglial cell activation (Toulme et al., 2010; Toulme and Khakh, 2012) . We clarify that we did not use the same transfection method across all experiments and used methods that we found most suitable for the cells we studied on a case-by-case basis. Hence, our comparisons for P2X4-pHluorin in different cell types should be interpreted with this consideration in mind. In future studies it will be important to build on these experiments by expressing P2X4-pHluorin123 in vivo using viruses, transgenic mice, or knock-in genetargeting methods. Of these, the generation and use of knock-in mice would provide the most faithful representation of native P2X4 expression levels. Once such mice are made and tested, it will be useful to directly compare the results to those reported here with other fluorescence in Figs. 8-12 that cannot be obviously accounted for by P2X4-pHluorin cell surface expression or expression within acidic compartments (e.g., Fig. 8 E) . What might this other fluorescence represent? It is possible that P2X4-pHluorin123 receptors reside in compartments that are not neatly classified by acidic pH jumps and ammonium chloride. Such compartments could conceivably be synthetic or degradation pathways. In accord with the latter possibility, P2X4 (Qureshi et al., 2007) and P2X4-pHluorin123 receptors are known to traffic to lysosomes (Fig. 7) . It is also notable from Fig. 9 that receptors that were nonfunctional and intracellularly retained (Table 2) also displayed large fractions for other fluorescence. Hence, it is possible that P2X4-pHluorin123 could be used to measure receptors within cell surface, acidic, and degradation compartments. Further studies are needed to systematically explore this possibility, but at this juncture, the use of the general term "other fluorescence" seems the most parsimonious as it implies no specific mechanism and encompasses the possibility that the fluorescence may be from partially synthesized or partially degraded proteins.
Other approaches and further future developments
We show that our optical reporter, P2X4-pHluorin123, causes minimal disruption of receptor function and allows pH-dependent measurements of P2X4 receptors in the cellular secretory and lysosomal pathways. When complemented with classical biochemical methods, P2X4-pHluorin123 is a powerful tool to study P2X4 receptor biology.
Classical biochemical methods such as surface biotinylation and antibody labeling of P2X receptors (Bobanovic et al., 2002; Toulmé et al., 2006 Toulmé et al., , 2010 Qureshi et al., 2007) require cell fixation and consequently they cannot report PM receptor insertion and/or internalization in live cells. Furthermore, if P2X4 receptor trafficking occurs within minutes, the extended incubation needed for biotinylation and antibody labeling of receptors may complicate the measurement of receptor trafficking kinetics. The penetration of antibody or labeling reagents would also be a factor to consider if receptors within intact tissues such as brain slices need to be studied. In contrast, P2X4-pHluorin123 allows the measurement of receptor insertion, turnover, and perhaps degradation in real time and at a much higher resolution than that achieved with classical biochemistry. Of key importance is that P2X4-pHluorin123 receptors can be imaged in different areas of the cell with ease (e.g., dendrites, somata, axons). However, the use of P2X4-pHluorin123 requires the protein to be tagged with a pH-sensitive form of GFP, appropriate optical instrumentation, and cellular expression at levels that can be observed with light microscopy. therapeutic strategy would be to prevent P2X4 receptor up-regulation rather than block the receptors after they have been up-regulated. Progress on this front has been limited because of the lack of available methods to image P2X4 up-regulation in a manner that could be adapted for high throughput screening. From this perspective, P2X4-pHluorin123 represents an ideal tool because up-regulation can be measured simply as an increase in fluorescence intensity of cells expressing P2X4-pHluorin123. If so, P2X4-pHluorin123 receptors represent a designer and novel assay for screening small compound libraries for drug-like molecules to target P2X4 receptor up-regulation and their use in neuropathic pain and epilepsy therapy. Use of P2X4-pHluorin in high throughout assays could occur quite rapidly and may also benefit from knowledge of the excitation and emission spectra of pHluorin in a range of pH values. Finally, it is possible that fluorescence anisotropy of the fluorophore in P2X4-pHluorin123 could be used to relate receptor functions such as activation and desensitization to trafficking and endocytosis, as the domain of P2X receptors (that carries pHluorin within the beak region) is proposed to undergo conformational changes associated with activation and desensitization .
More generally, the last few years have witnessed the development of several genetically encoded optical approaches to measure P2X receptor properties, including location within cells (Khakh et al., 2001; Bobanovic et al., 2002) , conformational changes (Fisher et al., 2004; , proximity , dimensions (Young et al., 2008) , protein interactions , mobility (Richler et al., 2011; Shrivastava et al., 2011 Shrivastava et al., , 2013 Toulme and Khakh, 2012) , and activation Parkinson et al., 2014) , as well as approaches to optically trigger P2X channel opening Browne et al., 2014) . This study adds to this toolkit by providing an imaging approach to track P2X receptor subcellular distribution and trafficking. The paucity of selective pharmacological tools remains a hindrance to understanding P2X receptor cell biology and physiological roles. From this perspective, the combination of the aforementioned genetic and optical approaches provides exciting opportunities to explore the physiological functions of P2X receptors with light.
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transient transfection. Such analyses may reveal how different methods used to deliver P2X4-pHluorin123 can affect the cell surface and intracellular pools of receptors. This is something that the studies reported herein were not designed to assess. The preceding section discusses several advantages and potential future developments to P2X4-pHluorin123 to experimentally explore P2X4 receptor trafficking. Collectively, we suggest that P2X4-pHluorin123 receptors represent a straightforward and useful complementary approach to study P2X4 receptor cell biology and biophysics.
Proof-of-concept experiments
All of the constructs reported herein are available from us for unrestricted distribution, and their use may shed light on several important biological questions. Based on our initial proof-of-concept experiments, we provide three examples of how P2X4-pHluorin123 receptors could be used in follow-up studies of outstanding questions in the field.
First, P2X4-pHluorin123 could be used to image upregulation of P2X4 receptors in microglial cells and other cells during pathological processes such as the development of neuropathic pain and epilepsy. So far, the evidence to implicate P2X4 receptors in these complex disorders has come from pharmacological and genetic studies (see Introduction). Through the use of in vivo expression via knock-in mice or viral transduction, P2X4-pHlouirn would build upon and extend these insights by providing real-time measures of P2X4 receptor trafficking before and during the development of pain. Conversely, drugs that treat neuropathic pain could be assessed for their ability to reverse P2X4 up-regulation, thus permitting causative correlations that are required to further explore the roles of P2X4 receptors in complex disease states such as neuropathic pain.
Second, P2X4-pHluorin123 receptors could be used to image LB exocytosis from lung ATII cells and thus shed light on the process of fusion-activated Ca 2+ entry (Miklavc et al., 2011) . Specifically, P2X4-pHluorin123 will allow one to image P2X4-laden vesicle fusion with the PM, and it will permit imaging of the subsequent fate of P2X4 receptors and determine whether they are recaptured by the same vesicle during endocytosis, left stranded at the site of insertion, or relinquished to diffuse into the PM bulk. As such, the use of P2X4-pHluorin123 would permit direct study of the biophysical and molecular mechanisms that determine receptor insertion into the PM and their relationships to fusion activated Ca 2+ entry (Miklavc et al., 2011) . Third, the proposed roles of P2X4 receptors in neuropathic pain and epilepsy has prompted the search for P2X4 receptor antagonists for pain therapeutics by high throughput screening of functional P2X4 responses in clonal cell lines such as HEK-293. However, an alternative
